Abstract This paper presents an investigation of the capacity of four different plants to remove and assimilate ferri-cyanide at different pH conditions. Detached roots of weeping willows (Salix babylonica L.), rice (Oryza sativa L. cv. JY 98), soybean (Glycine max L. cv. WH) and maize (Zea mays L. var. HK) were hydroponically exposed to ferri-cyanide in a closed system at 25 ± 0.5°C for 24 h kept under darkness. Almost all applied ferri-cyanide was in the complex form in the hydroponic solution at pH C 7.0 in the absence of light, while dissociation of ferri-cyanide to free cyanide and iron in solution was detected at pH B 6.5. All plant species used were found to be able to remove and assimilate ferri-cyanide efficiently. The uptake and assimilation rates appeared to be inversely related to the pH, in which positive effects were observed at pH 6.0 and 6.5. Remarkable decreases in the assimilation rates were found at pH 8.0. Results presented here suggest that changes in solution pH have a substantial influence on not only the speciation of ferricyanide in the plant growth media, but also the uptake and assimilation mechanisms of ferri-cyanide by plants.
Introduction
Free cyanide (CN and HCN) is a high-volume production chemical and commonly used in a range of industrial products (Yu et al. 2004) , which result in a significant release of cyanide into the environment on a continuous basis. Indeed, it is estimated that more than 100,000 tons of anthropogenic cyanide enters the environment annually (Mudder and Botz 2001) . Due to its chemical properties, free CN readily reacts with metal ions to form metal-cyanide complexes. Of the metal-cyanide complexes frequently detected, iron CNs, e.g., ferro-cyanide [Fe II (CN) 6 ] -4 and ferri-cyanide [Fe III (CN) 6 ] -3 are the most stable and common species found in soils and groundwater (Meeussen et al. 1992) , which account for more than 97% of the total cyanide (Theis et al. 1994; Mansfeldt et al. 2004 ). Both compounds, though less toxic than free CN, are environmentally problematic because free CN can be liberated from them through photodecomposition (Meeussen et al. 1992; Rader et al. 1993; Zimmerman et al. 2008) . It is evident that the dissociation rate of ferri-cyanide is significantly higher than that of ferro-cyanide (Yu et al. 2011) . Because the extensive use of CN-containing chemicals due to anthropogenic activities has drastically changed the distribution and biochemical balance in the environment, the importance of potentially adverse and toxic effects on the ecosystems is of crucial significance due to the build up of free CN liberated from iron CNs. Therefore, efforts of complete destruction of iron CNs are of critical concern. Unfortunately, most of engineering approaches cause heavy disturbance to the ecosystems (Smith and Mudder 1991; Meeussen et al. 1992) . It is known that iron cyanide complexes are quite resistent to attack by microbe and fungi (Ghosh et al. 1999; Meeussen et al. 1992 ), but there is abundant literature showing that plants are capable of tolerating, transporting and assimilating iron CNs (Samiotakis and Ebbs 2004; Larsen and Trapp 2006; Ebbs et al. 2008; Yu and Gu 2010) . A variety of environmental factors affect the mechanism and efficiency of phytoremediation. This is largely because plant growth and development mainly depends on genotype as well as the environment. For instance, the change of pH may alter the stability and fate of chemicals, subsequently transform parent compound into other compounds, which may have different toxicities and bioavailability than the original compounds (Salt et al. 1998) . It is evident that the speciation of ferri-cyanide is associated with numerous biotic and abiotic factors. Indeed, the change of solution pH most likely causes the dissociation of iron CNs and the rate appeared to be inversely related to the pH (Meeussen et al. 1995; Rennert and Mansfeldt 2002; Ghosh et al. 2004) .
If the dissociation of ferri-cyanide into free CN and Fe 3? occurs before uptake by plants, [Fe III (CN) 6 ] -3 , HCN and CN -may exist together in ferri-cyanide solution. Eventually, the uptake pathway of ferri-cyanide due to the presence of free CN will be different. It is known that ferricyanide is less phytoavailable to plants than free CN (Samiotakis and Ebbs 2004; Larsen and Trapp 2006; Ebbs et al. 2008; Yu and Gu 2010) . This is largely due to the fact that ferri-cyanide is unable to move through biological membranes by simple diffusion due to its physical-chemical properties (Federico and Giartosio 1983; Ebbs et al. 2003) . The goals of this study were to investigate the speciation of ferri-cyanide at different pH using a closeddark hydroponic system, and to compare the uptake and assimilation of ferri-cyanide by the dicot (soybean and willow) and the monocot (maize and rice). This work was conducted at the Department of Environmental Sciences and Engineering, Hunan Agricultural University, PR China, from January 2010 to March 2010.
Materials and methods

Plant materials
Seeds of soybean (Glycine max L. cv. WH), rice (Oryza sativa L. cv. JY 98), and maize (Zea mays L. var. HK) after cleaning were planted under laboratory condition at 25°C until shoots appeared. Hoagland's nutrient solution at 25% strength was used to support plant growth. Seedlings were harvested after 12-15 days of growth. Cuttings of weeping willows (Salix babylonica L.) were removed from a single mature tree and placed in buckets of tap water at 25°C under until new roots appeared.
Plants with new shoots and roots were transferred to a pretreatment solution containing 1 mM CaCl 2 ? 2 mM MES-TRIS buffer (pH 6.0) for 24 h to clear the cell wall space of ions (Ebbs et al. 2008) . Plant roots approximately 8-10 cm in length were excised from the root tip, and cut into small pieces to use in the subsequent experiments.
Potassium ferri-cyanide [K 3 Fe(CN) 6 ] (Sinopharm Chemical Reagent Co., Ltd., Shanghai, PR China) of analytical grade with C95% purity was used. It should be noted that 1 mg K 3 Fe(CN) 6 equal to 0.474 mg CN.
Effect of pH on ferri-cyanide uptake by detached roots Excised roots were precisely weighted (1.0 g fresh weight) and placed in 50-mL flasks. Then 50-mL spiked aqueous solution (deionized oxygen-saturated water) containing potassium ferri-cyanide was added. The initial pH of spiked solutions was variable. Five different pH solutions of 6.0 (Treatment 1), 6.5 (Treatment 2), 7.0 (Control), 7.5 (Treatment 3) and 8.0 (Treatment 4) were used by adding 0.1% HCl and 0.1% NaOH. The flasks were closed with glass stopper. All flasks wrapped with aluminum foil were housed at an incubator with a constant temperature 25 ± 0.5°C for 24 h. Three replicates were prepared for each treatment. One set of control in three replicates (the flasks were also wrapped with aluminum foils) was only with the testing chemical, but without plant materials to quantify the loss and dissociation of ferri-cyanide within the testing system at different pH during the exposure period.
Chemical analysis
Analysis of free CN and total CN
The presence of total CN and free CN in solution were all analyzed just prior to application and at the termination of exposure. Total CN in excised roots were also analyzed after 24 h of exposure.
The concentrations of free CN and total cyanide in the aqueous solution were determined spectrophotometrically by a standard method (State Environmental Protection Administration of China, 1989, method number GB 7487-87) as described previously (Yu and Gu 2010) .
The analysis of total CN in plant tissues was also analyzed by a standard distillation method (State Environmental Protection Administration of China, 1989, method number GB 7486-87) . After exposure of 24 h, the excised roots were collected and rinsed with water. The remaining procedures were identical to those described previously (Yu and Gu 2010) .
Analysis of Fe 3? /Fe 2? in solution
Dissolved Fe 2? concentration was determined by the ferrozine method as described previously (Gibbs 1979 was determined by the ferrozine method without addition of sodium fluoride (NaF) solution (Greenberg et al. 1992) . The content of dissolved Fe 3? in solution was obtained by computing the difference between total dissolved Fe and dissolved Fe 2? .
Determination of the assimilation rate of ferri-cyanide
The assimilation rate of ferri-cyanide v (lg CN/g FW h) was calculated from
where m (I) , m (F) and m (R) are the total CN (lg) in hydroponic solution and in roots. M is the biomass of the roots (g), and Dt is the time period (h).
Statistical methods
Analysis of variance (ANOVA) and Tukey's multiple range test was used to determine the statistical significance at 0.01 or 0.05 between the treatments (Sachs 1992).
Results and discussion
Speciation of ferri-cyanide in hydroponic solution
Speciation of ferri-cyanide in hydroponic solution at different pH in the absence of plant materials was tested (Table 1 ). In the solution at pH 7.0, no obvious change of total CN in the hydroponic solution was observed over a 24-h period of exposure in the absence of light, while trace amounts of free CN were detected in the solution. In addition, the content of dissolved Fe 3? in the solution was negligible after analysis of the total dissolved Fe and Fe 2? in aqueous solution. Similar results were also observed in the solutions with higher pH. These results indicated that dissociation of ferri-cyanide into free CN and Fe 3? in the hydroponic solution in the absence of light is negligible and almost all solution CNs at C7.0 remained as ferricyanide. This is comparable to previous studies (Samiotakis and Ebbs 2004; Larsen and Trapp 2006; Ebbs et al. 2008; Yu and Gu 2010) . Although negligible change of total CN in the hydroponic solution was found in the solution at pH 6.5 after incubation, the concentrations of free CN and dissolved Fe 3? in the solution were determined to be 0.39 mg CN/L and 0.14 mg Fe/L, respectively. It is known that the stoichiometric relationship between free CN and dissolved Fe 3? is 6.0. Indeed, the ratio of free CN to dissolved Fe 3? in the hydroponic solution at pH 6.5 at the termination of exposure was approximately 6.0. More free CN and dissolved Fe 3? were detected in the solution with a decrease of solution pH. This observation indicated that solution pH has a remarkable influence on dissociation of ferri-cyanide. It is of interest to note that less than 2% of the applied ferri-cyanide, judged by the total CN analyzed, was not found in the hydroponic solution, probably due to the fact that free CN liberated from ferri-cyanide escaped from the aqueous solution to the headspace. Therefore, these observations indicated that the disappearance of the applied ferri-cyanide in the solution could then be attributed to the uptake of plant materials.
Effects of pH on ferri-cyanide uptake and assimilation by detached roots
The effect of pH on the uptake and assimilation of ferricyanide by detached roots was investigated. For the treatment with soybean (Table 2 ), significant amounts of the applied ferri-cyanide were removed by plant roots from the hydroponic solution at pH 6.0 compared to the control at pH 7.0 (P \ 0.05), judged by the total CN analyzed. Although less applied ferri-cyanide was removed by soybean roots from the solution at pH 7.5 and 8.0 compared to the control, the difference was not significant (P [ 0.05). However, significant difference in the total CN detected in plant materials between the treatments was observed. Indeed, the CN concentrations in soybean roots exposed to ferri-cyanide at pH 6.0 and 6.5 were significantly higher than that of the control at 7.0 (P \ 0.05), while measureable difference was observed in the treatments at pH 7.5 and 8.0 compared to the control (P [ 0.05). Loss of the applied ferri-cyanide from the control without plant materials was negligible, as a result, all loss was likely to be botanical assimilation. The calculated loss rates are shown in Table 2 . The change of solution pH did not show significant effect on the assimilation rate of ferri-cyanide by soybean roots (pH [ 0.05), except the treatment at pH 8.0. The loss rate of ferri-cyanide was 3.68 mg CN/gÁh at the control, while the assimilation rate was 2.71 mg CN/gÁh at pH 8.0. When the roots of willows were exposed to ferri-cyanide solution at pH 6.0 and 6.5, significant amounts of the applied mass were removed by plant materials compared to the control at pH 7.0 (P \ 0.05), judged by the total CN analyzed. However, no significant difference in ferricyanide removal (%) was observed in the treatments at pH 7.5 and 8.0 compared to the control (P [ 0.05). The recovered CNs in plant materials detected as total CN after exposure were also difference between the treatments. The CN concentration in willow roots exposed to ferri-cyanide at pH 6.0 and 6.5 slightly lower than that of the control at pH 7.0 (P [ 0.05), while significantly lower CN concentrations were detected in the plant materials exposed to ferri-cyanide solution at 7.5 and 8.0 compared to the control (P \ 0.05). Therefore, the calculated assimilation rates of ferri-cyanide are shown in Table 3 . It is obvious that the change of solution pH caused difference responses to willow roots during the botanical assimilation of ferricyanide. Although measurable effects on the assimilation rates of ferri-cyanide by willow roots were observed at pH 7.5 and 8.0 (P [ 0.05), significantly higher assimilation rates were found in the treatments at pH 6.0 and 6.5 (P \ 0.05).
For the control with maize roots exposed to ferri-cyanide solution at pH 7.0, more than 48% of the applied ferricyanide was removed from the hydroponic solution. The uptake rates of ferri-cyanide by plant materials varied with solution pH. Significant amounts of the applied ferricyanide were removed by maize roots from the hydroponic solution at pH 6.0 and 6.5 compared to the control (P \ 0.05). However, less applied ferri-cyanide was removed by roots exposed to the solution at pH 7.5 and 8.0 compared to the control, and the difference was not significant (P [ 0.05). The CN concentrations in plant materials between the treatments were also variable, judged by the total CN analyzed. When exposed to the solution at pH 6.0 and 6.5, significant amounts of ferri-cyanide were accumulated in maize roots compared to the control (P \ 0.05). However, the recovery rates of ferri-cyanide, judged by the total CN analyzed, in plant materials exposed to the solution at pH 7.5 and 8.0 were slightly different to the control (P [ 0.05). The change of solution pH had significant effects on the loss rate of ferri-cyanide by maize roots, except the treatment at pH 7.5. The loss rates of ferricyanide at 6.0 and 6.5 were significantly higher than that of control (P \ 0.05), while a remarkable decrease of the loss rate was observed at pH 8.0 (P \ 0.05) ( Table 4) . The uptake rate of ferri-cyanide by rice roots did not vary with solution pH (P [ 0.05), in which between 60.02 and 82.16% of the applied ferri-cyanide was removed from the hydroponic solutions at different pH. However, the CN concentrations in plant materials between the treatments were variable, judged by the total CN analyzed. 56.07 and 55.87% of the ferri-cyanide loss from the hydroponic solution were recovered in plant materials at pH 7.5 and 8.0, while approximate 38% were detected in rice roots exposed to the solution at pH 7.0. The calculated loss rats of ferri-cyanide are shown in Table 5 . Although higher assimilation rates of ferri-cyanide were observed at pH 6.0 and 6.5 compared to the control, the difference was not significant (P [ 0.05). For the treatments at pH 7.5 and 8.0, a remarkable decrease in the loss rate was detected compared to the control (P \ 0.05).
Comparison to other findings
Although all plants selected were found to be able to assimilate ferri-cyanide efficiently in this study, the assimilation rates varied with plant species. Rice showed the fastest assimilation capacity for ferri-cyanide and the lowest had the soybean. There is abundant literature showing that dicot and monocot have different strategies to acquire Fe from the soils (Kim and Guerino 2007) . Grass plants (monocot) use the chelation-based strategy to acquire Fe in the presence of Fe-chelating substances phytosiderophores excreted by roots (Harada et al. 2007) . It is known that the equilibrium constant (logK) is 52.63 for ferri-cyanide (Meeussen et al. 1992) , while the logK value of Fe-phytosiderophores is only 18.1 (Mino et al. 1983) . Therefore, the liberation of ferri-cyanide is highly unlikely to occur in the solution, due to the presence of phytosiderophores excreted by roots of grass plants. A reductionbased strategy is a Fe-acquisition mechanism commonly found in higher plants (dicot), in which Fe becomes more phytoavailable by reducing Fe 3? to the more soluble Fe 2?
in the presence of Fe 3? reductase at the root cell's plasma membrane (Kim and Guerino 2007) . Indeed, it has been found in our previous work that ferro-cyanide is more bioavailable to plants than ferri-cyanide (Yu and Gu 2010) . However, it is not a general rule in this observation showing that the dicot assimilated ferri-cyanide faster than the monocot, in which soybean, stemming from a dicot family, had a lower assimilation capacity than rice belonging to the monocot. Therefore, the effect of the reductase enzyme involved in reduction of Fe 3? to Fe 2? at the root surface was negligible.
Previous studies (Meeussen et al. 1992; Ebbs et al. 2008; Yu and Gu 2010) collectively suggested that the dissociation of iron CNs in the absence of light was detected, but the rates appeared to be extremely slow. Indeed, trace amounts of free CN and dissolved Fe 3? was detected in the solution in this study, suggesting that CNs in the solution at pH C7.0 remained principally in the form of ferri-cyanide before uptake by plant roots. In our observation, plants showed different responses to the change of solution pH during the assimilation of ferri-cyanide. No significant impact on the assimilation rate was observed in plants exposed to ferri-solution at pH 7.5 in all treatments compared to the control at pH 7.0, except the treatment with rice. However, all plants, except willows, showed a negative response to the change of pH at 8.0, implying that the botanical assimilation of ferri-cyanide was largely inhibited at pH 8.0, even though the removal rate (%) of free cyanide from the hydroponic solution did not show any inhibitory effect.
It is known that plants are able to assimilate free CN readily, without accumulation in plant materials (Miller and Conn 1980; Larsen et al. 2005) . In this study, significant amounts of CN detected as total CN were observed in plant tissues at the termination of exposure, implying that ferri-cyanide was probably still in the same original complexed form in plant materials (Larsen and Trapp 2006) . Therefore, this suggests that direct assimilation of ferri-cyanide in plant materials is possible, without phytodissociation into free CN.
What causes the increase in the assimilation rate of ferri-cyanide?
It has been reported that the dissociation rate of iron CNs appeared to be inversely related to the pH (Meeussen et al. 1992) . In this study, free CN in the solution spiked with ferri-cyanide was detected to be 0.39 mg CN/L at pH 6.5 after a 24-h period of exposure, while more free CN was found in the treatment at pH 6.0. It is of interest to note that approximately 2% of the applied ferri-cyanide was unable to be detected in the solution, probably due to the fact that free CN (HCN) liberated from ferri-cyanide escaped from the aqueous solution to the headspace. Therefore, there is a good reason to suggest that [Fe III (CN) 6 ] -3 , HCN and CN -occur together in ferri-cyanide solution in proportions, which will not only affect the uptake rate of ferri-cyanide, but also eventually change the assimilation pathway in plant materials. Indeed, higher uptake and assimilation rates of ferri-cyanide, judged by the total CN analyzed, were found in the all treatments at pH 6.0 and 6.5 compared to the control at pH 7.0. While it is known that botanical uptake of free CN is principally achieved by simple diffusion (Dzombak et al. 2005) , there is no evidence available on the uptake of ferricyanide mediated by membrane transporters because iron CNs has long been considered membrane impermeable (Federico and Giartosio 1983) . However, our study presented here and also others' (Samiotakis and Ebbs 2004; Larsen and Trapp 2006; Ebbs et al. 2008; Yu and Gu 2010) collectively indicated plants are able to take up Fe 3? and free CN as a complex. Evidence of the beta-cyanoalanine synthase pathway responsible for the assimilation of free CN in plants is well defined (Miller and Conn 1980; Samiotakis and Ebbs 2004; Yu et al. 2004; Larsen et al. 2005 ), but there is no literature available showing the direct assimilation of ferri-cyanide in plant materials. Further study will be required to provide biochemical evidence to clarify the specific mechanisms involved in the uptake and assimilation of ferri-cyanide by plants.
Conclusion
All plants used in this study were able to efficiently remove ferri-cyanide from the hydroponic solution and assimilate this compound in plant materials, but the rates varied with plant species. Solution pH strongly affected the speciation of ferri-cyanide, subsequently changed the uptake and assimilation pathway. The assimilation rates appeared to be inversely related to the solution pH. Our information collectively suggests that all plants showed a higher assimilation rate of ferri-cyanide at pH 6.0 due to amounts of free CN liberated from this complex, but the rate was significantly inhibited at pH 8.0.
